Two synthetic pathways to substituted hexahydroimidazo[1,2-a]pyridines, which may serve as precursors of aza-alkaloids, were investigated. The first involves the condensation of a bisnucleophilic enediaminoester and a biselectrophile. The second involves attachment to nitrogen of the carbon chain skeleton required to form the six-memberd ring, before formation of the enediaminoester. Several substituted hexahydroimidazo[1,2-a]pyridines were synthesized via these two approaches.
Introduction
Alkaloids are naturally occurring organic compounds containing nitrogen atoms. Many alkaloids have important and unique pharmacological activities. Alkaloids have been isolated not only from well known sources such as plants or native drugs but also from animals, insects, marine organisms, and microorganisms. Examples of well known alkaloids include morphine, nicotine, cocaine, and quinine. The alkaloids which are related to this research are izidine alkaloids 1 which have structures containing five-or sixmembered rings fused together with a nitrogen at the fusion point. Some structurally simple examples are shown in Figure 1 (A, B, and C). Of the izidine alkaloids, indolizidine alkaloids which have a fused five-and six-membered ring system with a ring junction nitrogen atom are directly related to this study.
One of many synthetic pathways to indolizidine alkaloids, 2-5 performed by Howard et al. uses vinylogous urethanes as the key intermediates during the synthesis of an Elaeocarpus alkaloid precursor. 5 One structural modification of indolizidine alkaloids is to replace a carbon atom in the five-membered ring with a nitrogen atom such that the two nitrogens are in a 1,3-relationship as shown in Figure 1 (D). Such modification to prepare analogs of alkaloids is important to the pharmaceutical industry because side effects which the alkaloid may have may be reduced in the analogs, or they may show improved physiological properties.
The main goal of our study is the development of synthetic pathways to partially reduced imidazo[1,2-a]pyridines which may serve as precursors of aza-alkaloids. A retrosynthetic analysis of the relevant diazabicyclic compounds indicates a number of possible approaches and two of these approaches, shown in Scheme 1, have been investigated. Both involve the annulation of the six-membered ring onto the fivemembered ring and differ in the timing of the attachment of the carbons that will complete the six-membered ring. The first approach (Scheme 1A) involves the formation of a bisnucleophilic enediaminoester containing an unsubstituted nitrogen atom followed by its reaction with biselectrophiles such as 1,3-dibromobutane, or acryloyl chloride. The second approach (Scheme 1B) involves attachment to nitrogen of the carbon chain skeleton required to form the six-membered ring before formation of the enediaminoester. Several substituted hexahydroimidazo[1,2-a]pyridines were synthesized via these two approaches and some of the chemistry of these systems was investigated and reported in this paper.
Results and Discussion
Compound (1), which will be referred to as the imidate hydrochloride, was prepared by bubbling hydrogen chloride gas into the reaction media containing ethyl cyanoacetate and anhydrous ethanol as described in the literature.
6 By analogy to the work of Jones, 7 N-methyl-1,2-diaminoethane, glycinamide hydrochloride, and L-leucinamide were condensed with imidate hydrochloride to produce respectively compounds (2), (3), and (4) as described in Scheme 2. A mixture of N-methyl-1,2-diaminoethane and imidate hydrochloride in anhydrous ethanol was refluxed for 3 h to give compound (2) in a yield of 89%. The melting point and 1 H NMR data are in agreement with previously reported data for the compound obtained via a different sequence.
8
For the synthesis of compound (3), a mixture of glycinamide hydrochloride, imidate hydrochloride, and triethylamine in anhydrous ethanol was refluxed for 30 minutes during which time it turned red. It was expected that this reaction would be slower than the condensation of Nmethyl-1,2-diaminoethane with imidate hydrochloride due to the lower nucleophilicity of the amide, but surprisingly the reaction was found to be at least twice as fast. After purification by chromatography, compound (3) was obtained in a yield of 30%. The 1 H NMR spectra showed it to be a single isomer but assignment of the stereochemistry of the double bond was not made. There was a large difference between the melting point found for compound (3) (mp 170-174 o C) and that given in the single report of the compound in the literature (mp 99-100 o C).
9 Since no other data was recorded, an attempt was made to reproduce the literature preparation in order to permit a comparison to be made. The attempt was unsuccessful. Despite this difference in the melting point the spectral data strongly suggest that compound (3) has the structure shown above.
Compound (4) was made in a yield of 60% by the condensation of L-leucinamide with imidate hydrochloride (1) in the presence of triethylamine. Following the procedure of Yang and Rising 10 L-leucinamide was made in a yield of 58% from L-leucine methyl ester hydrochloride by treatment with methanol saturated with ammonia. The main reason for the moderate yield is the significant solubility of L-leucinamide in water. The 1 H NMR spectra of L-leucinamide and of compound (4) each showed two doublets near δ = 0.9 for the diastereotopic methyl groups resulting from the presence of the chiral center. The
13
C NMR spectra of the two compounds also each showed two methyl peaks near δ = 22 for the same reason.
Enediaminoesters (2), (3), and (4) can react with a wide variety of organic compounds to give different kinds of fused heterobicyclic compounds.
11 Compound (5) was prepared by the annulation of compound (2) using acryloyl chloride in the presence of triethylamine in a yield of 70%. A mixture of compound (3), acryloyl chloride, and triethylamine was stirred at room temperature for 1.5 h under nitrogen. After attempted purification by flash chromatography the residue was still a mixture. The 1 H NMR spectrum was not readily interpreted but on the basis of the 13 C NMR spectrum the desired compound (6) was the major product. It Scheme 2. Synthetic pathway (A) to substituted hexahydroimidazo[1,2-a]pyridines (a) Abs. EtOH, reflux, 3 h, 89% (b) Abs. EtOH, Et3N, reflux, 0.5 h, 30% (c) Abs. EtOH, Et3N, reflux, 4 h, 60% (d) Acryloyl chloride, CH2Cl2, Et3N, r.t., 3.5 h, 70% (e) Acryloyl chloride, CH2Cl2, Et3N, r.t., 1.5 h, (6) was obtained as a major product and uncyclized one as a minor product (f) Acryloyl chloride, CH2Cl2, Et3N, r.t., 1 h, (7) was obtained as a minor product and uncyclized one as a minor product was contaminated with some of the acylated but uncyclized compound as shown by the presence of peaks at 124.5 and 137.0 in the
C NMR spectrum and multiplets between δ = 5.4 and 7.3 in the 1 H NMR spectrum. Compound (4) was treated with 1.2 equivalents of each of acryloyl chloride and triethylamine, and stirred at room temperature for 2 h. Purification by column chromatography gave an uncyclized compound as the major product and a cyclized compound (7) as a minor product. The
C NMR spectrum of the uncyclized compound, which showed only one spot in TLC using several solvent system, showed many sets of two peaks with similar chemical shifts. This suggested that the uncyclized compound existed as a mixture of tautomers.
This synthetic pathway shown in Scheme 3 differs from that previously discussed in Scheme 2 in that the carbon atoms destined to become C5 to C7 of the imidazo[1,2-a]pyridine ring are attached to the nitrogen before formation of the five-membered ring. This requires differentiation of the two nitrogens in the acyclic precursor. Selective monosubstitution of simple diamines is not easily achieved but the ready availability and low cost of the starting materials made this worthy of investigation.
A mixture of 1,2-diaminoethane and 1 equivalent of ethyl acrylate was stirred at 35 o C for 1 h. Analysis of the reaction mixture by 1 H NMR showed that it was a mixture of un-, mono-, and disubstituted amines. Of the three compounds only the monosubstituted compound is of value in the next step, the condensation with imidate hydrochloride (1) . The efforts to separate these compounds were unsuccessful. Partitioning between water and dichloromethane failed due to the surprisingly high solubility of the monosubstituted compound in water. Column chromatography was also not successful because the mobility of the three compounds was too similar in several solvent systems. Attempted separation using the solubilities of the hydrochloride salts also failed. In an attempt to improve the yield of the monosubstituted compound the reaction was performed at low temperature by reacting 1,2-diaminoethane with ethyl acrylate in a freezer.
No significant improvement was observed. Because of these difficulties, the sequence was continued without separation. The mixture of un-, mono-, and disubstituted compounds was combined with 1.3 equivalents of imidate hydrochloride (1) in anhydrous ethanol and refluxed for 20 h. After purification by column chromatography a monocyclic compound (8a) and a bicyclic compound (9a) were obtained in yields of 25% and 26% respectively as shown in Scheme 3. Attempts to cyclize compound (8a) to compound (9a) were made by treatment with 0.5 M NaOH followed by acetic anhydride, by reaction with sodium hydride, sodium ethoxide, or by refluxing in ethanol. Only the attempt using sodium ethoxide solution and refluxing for 1 h was successful (yield 54%).
In a sequence similar to the synthesis of compound (9a), ethyl crotonate was mixed with one equivalent of 1,2-diaminoethane and stirred at 45 o C for 2 h. The total crude reaction mixture was combined with 1.4 equivalents of imidate hydrochloride (1) in anhydrous ethanol and then refluxed for 18 h. Separation by column chromatography gave an uncyclized compound (8b) and a cyclized compound (9b) in yields of 31% and 9% respectively. The compound (8b) was treated with sodium ethoxide and refluxed for 3.5 h to give the compound (9b) in a yield of 82%.
1-Bromo-3-chloropropane was mixed with one equivalent of 1,2-diaminoethane in anhydrous ethanol and the mixture stirred at 40 o C for 40 h. This reaction sequence was continued without the separation of the un-, mono-, and disubstituted compounds for the same reasons mentioned previously. The reaction mixture was combined with one equivalent of imidate hydrochloride (1) and two equivalents of triethylamine in anhydrous ethanol and refluxed for 3.5 h to give a byproduct from the reaction of 1,2-diaminoethane with imidate hydrochloride, a monocyclic compound (10) , and the bicyclic compound (11) in yields of 15%, 10%, and 17% respectively. The melting point and
C NMR data for compound (11) are in agreement with previously reported data.
12,13
Selective monosubstitution utilizing some amino amides (e.g. glycinamide and L-leucinamide) instead of diamines is considered as an efficient alternative synthetic method since the nucleophilic character of the two nitrogens is clearly very different and preparations of the appropriately monosubstituted derivatives can be expected to be more readily achieved. A potentially very useful aspect of sequences starting from amino acid derivatives is the introduction at what will eventually be C3 in the bicyclic system, of a substituent of known absolute stereochemistry. It is, however, true the carbonyl group at the C2 position will render C3 prone to racemization. Several N-monosubstituted amino amides were prepared by the reaction of amino amides (glycinamide and L-leucinamide) and electrophiles such as ethyl acrylate, ethyl crotonate, and 1-bromo-3-chloropropane. Attempts to react the previously prepared N-substituted amino amides with imidate hydrochloride in the presence of triethylamine or with separately generated imidate were carried out in refluxing ethanol or by heating without solvent. No reaction occurred as shown by TLC except for the reaction of N-(3-chloropropyl) L-leucinamide with imidate by heating without solvent. This gave a glass-like material which could not be further purified.
Several azabicyclic compounds have been synthesized by the two routes discussed previously. These compounds all have an ester group at C8. This group is potentially useful in cases such as azaelaeokanine derivatives, but other azaalkaloids such as azamonomorines are not substituted at C8. Therefore, we investigated the decarbalkoxylation of C8 ester group in compounds (9a) and (9b) by treatment with 1 M KOH in 95% ethanol and refluxing for 3 h. The work-up procedure used was found to be critical. Attempts to isolate the products via extractive procedures failed. Instead the total reaction mixture was adsorbed directly onto silica which after drying was loaded onto a column and developed. This led to the isolation of compounds (12a) and (12b) in 100% and 68% yields respectively (Scheme 4).
Decarbalkoxylations of compound (5) were also attempted several times using different reaction conditions of solvent, time, temperature, pH, and work-up procedures. Yields were very low and no desired product was obtained. The 13 C NMR data on some of these crude products showed the disappearance of the absorption for the C5 amide at δ = 154 while the absorptions between δ = 165 and δ = 175 for the enediamino carbonyl group were still present. Therefore, it is considered that the undesirable ring-opening reaction is at least competitive with the desired decarbalkoxylation.
In this study, several substituted hexahydroimidazo[1,2-a]pyridines, which may serve as precursors of aza-alkaloids, were prepared via two synthetic pathways as proposed in Scheme 1. The versatility and usefulness of these two synthetic approaches can be applied for the synthesis of various structural analogs of indolizidine alkaloids.
Experimental Section
Proton and carbon 13 nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AC 250 MHz Spectrometer and chemical shifts are reported in parts per million (δ) from internal tetramethylsilane. Where necessary, DEPT, COSY, and HETCOR spectra were used to assign ) and the following abbreviations are used; s = strong; m = medium; w = weak; br = broad; sh = shoulder. Mass spectra were recorded at the University of Michigan, on a Finnigan 4021 GC/EI-CI mass spectrometer. Molecular ions were reported as exact mass and other ion peaks as m/z (relative abundance) for all those of greater than 15% relative abundance. Melting points were determined in a capillary tube using a micro hot stage apparatus (MEL-TEMP II) and are uncorrected. Ethyl (E)-(1-methyl-2-imidazolidinylidene)acetate (2): N-Methyl-1,2-diaminoethane (0.53 g, 7.16 mmol) in anhydrous ethanol (5 mL) was added to a solution of imidate hydrochloride (1) (1.40 g, 7.16 mmol) in anhydrous ethanol (35 mL). The reaction solution was heated at reflux for 3 hours. After removal of the solvent, the viscous oily residue was partitioned between dichloromethane (30 mL) and saturated sodium bicarbonate solution (10 mL). The extraction with dichloromethane was repeated (2 × 10 mL). The organic extracts were combined and dried to leave a white solid (2) 7.5, 2H), 2.72 (s, 3H), 1.22 (t, J = 7.0, 3H). Ethyl (4-oxo-2-imidazolidinylidene)acetate (3): To a solution of 2-aminoacetamide monohydrochloride (332 mg, 3,00 mmol) in anhydrous ethanol (20 mL), triethylamine (910 mg, 9.01 mmol) and imidate hydrochloride (1) (587 mg, 3.00 mmol) in anhydrous ethanol (10 mL) were added. The reaction solution was heated at reflux for 30 minutes during which time it turned red. The solvent and excess of triethylamine were removed under vacuum. The residue was extracted with dichloromethane (3 × 25 mL), filtered, concentrated under vacuum, and purified by flash chromatography to give (3) (brown solid, 0.16 g, 30%. mp 170-174 o C, Lit. L-Leucinamide: Ammonia gas was slowly bubbled for 5 minutes into methanol (80 mL) containing L-leucine methyl ester hydrochloride (5.00 g, 27.5 mmol). The reaction solution was stirred at room temperature for 10 days with supplementary amounts of ammonia gas supplied every day. After removal of the solvent and excess ammonia, the residual white solid was partitioned between dichloromethane (50 mL + 2 × 30 mL) and aqueous sodium hydroxide (25 mL). The organic extracts were combined, dried, and the solvent removed to leave a white solid (1.580 g, mp 90-93 o C). The pH of the aqueous solution was adjusted to 7 by adding concentrated HCl. The aqueous solution was concentrated, basified by adding sodium hydroxide, and extracted with dichloromethane (30 mL + 20 mL) to yield more product (0.49 g, mp 92-95 o C). The total yield was 58%. The product was recrystallized from benzene (mp 98-100 o C, Lit. (S)-Ethyl (4-isobutyl-5-oxo-2-imidazolidinylidene)-acetate (4): L-Leucinamide (520 mg, 4.00 mmol) in anhydrous ethanol (10 mL) and triethylamine (1.212 g, 12.0 mmol) were added to a solution of imidate hydrochloride (1) (1.173 g, 6.00 mmol) in anhydrous ethanol (40 mL). After 3 h refluxing, imidate HCl (430 mg, 2.20 mmol) and triethylamine (470 mg, 4.65 mmol) were added to the reaction solution and refluxing continued for a further 4 h. After removal under vacuum of the solvent and excess of triethylamine, the residual yellow solid was dissolved in dichloromethane (30 mL), and washed with distilled water (3 × 6 mL). The dichloromethane was dried and concentrated to leave a yellow solid (1.055 g). A white solid (4) was obtained by trituration with a 1:1 mixture of acetone and hexane. Reaction of ethyl (4-oxo-2-imidazolidinylidene)acetate (3) with acryloyl chloride: Triethylamine (79 mg, 0.782 mmol) in anhydrous dichloromethane (2 mL) was added to a solution of reddish compound (3) (111 mg, 0.653 mmol) in anhydrous dichloromethane (15 mL). Acryloyl chloride (71 mg, 0.784 mmol) in anhydrous dichloromethane (2 mL) was added dropwise to the reaction solution at room temperature during 5 minutes, followed by stirring at room temperature for 1.5 h. After removal of solvent, a reddish solid was partitioned between dichloromethane (25 mL) and 10% sodium bicarbonate solution (10 mL). The organic layer was washed with water (10 mL), dried, and concentrated to leave a reddish oil (0.11 g). Purification by flash chromatography (chloroform:methanol 5:1) gave a reddish oil (0.079 g). Reaction of (S)-ethyl (4-isobutyl-5-oxo-2-imidazolidinylidene)acetate (4) with Acryloyl chloride: Acryloyl chloride (133 mg, 1.41 mmol) in anhydrous dichloromethane (2 mL) and triethylamine (700 mg, 6.93 mmol) were added to a solution of compound (4) (170 mg, 0.752 mmol) in anhydrous dichloromethane (20 mL) under nitrogen. The reaction mixture was stirred under nitrogen for 1 h at room temperature. After removal of the solvent and excess of triethylamine under vacuum, the residue was extracted with anhydrous diethyl ether (20 mL). The residue from the ether extract was purified by flash chromatography (chloroform: methanol 30:1) to leave a yellow oil (0.080 g). (1) (5.37 g, 27.5 mmol) in anhydrous ethanol (80 mL). The reaction mixture was then refluxed for 18 h during which time it turned reddish in color. After removal of the solvent, the crude mixture was partitioned between saturated NaHCO 3 (20 mL) and CH 2 Cl 2 (3 × 30 mL). The organic extracts were dried and the solvent removed to give a reddish oil (3.80 g), a portion (0.5 g) of which was purified by flash chromatography (chloroform:methanol 15:1) to give compound (8b) (0.22 g, 31%) and compound (9b) (0.050 g, 9%).
Compound (8b): were added to the reaction mixture at room temperature which was then refluxed for 3.5 h. After removal of solvent, a yellow oil was partitioned between dichloromethane (30 mL) and 10% NaHCO 3 (20 mL). The organic layer was dried, and the solvent removed to give a solid (1.221 g). The solid was then treated with ether and then the organic layer was concentrated to give a mixture of solid and oil (895 mg). A portion (292 mg) was purified by flash chromatography (chloroform:methanol 30:1) to give an oily liquid (10) (0.073 g, 10%), a solid (11) Decarbalkoxylation of ethyl 7-oxo-1,2,3,5,6,7-hexahydroimidazo[1,2-a]pyridine-8-carboxylate (9a). Compound (9a) (210 mg, 1.00 mmol) was dissolved in 1.0 M KOH in 95% ethanol (4 mL) and refluxed for 3 h. Silica gel (0.50 g) was added to the reaction mixture and the solvent removed. The silica gel containing adsorbed product was loaded on a column filled with silica gel and solvent mixture (chloroform:methanol 5:1). The column was developed to give a solid (12a) (0.14 g, 100%). Compound (12a) was 
